Silicon carbide, a wide-bandgap semiconductor, is currently used to fabricate an efficient high temperature hydrogen sensor. When a paliadium coating is applied on the exposed surface of siIicon carbide, the chemical reaction between palladium and hydrogen produces a detectable change in the surface chemical potential. Rather than applying a pailadium film, we have implanted palladium ions into the silicon face of 6H, n-type SiC sanipies. The implantation energies and Iluences, as well as the results obtained by monitoring the current @rougIf the sample in the presence of hydrogen are included in this paper.
lNTRODUCTION
In the past few years there has been an increased interest in the field of gas sensors that can operate in harsh environments such as hot engine controls for aerospace and automobile" applications, or process gas monitoring. The requirement of operating in high temperature environments brought silicon carbide into attention, for its remarkable properties. Because of its outstanding thermal stability, silicon carbide, that is a semiconductor material with a wide bandgap and low intrinsic carrier concentration, can operate as a semiconductor potentially up to 10OO°C [1. 2] . The presence of a catalytic metal such as palladium onto (or into) silicon carbide results in a Schottky diode behavior. When a gas containing hydrogen (such as methane, propylene, Hz mixed in an inert gas etc.) passes across the surface containing palladium, the hydrogen is separated from its previous chemical bond in the gas and linked to palladium. This x 5 results in changing the space charge region surrounding the metal clusters, which in turn affect l-t m the conductivity of the crystal. This change in conductivity is measured and can be correlated to + (u surface concentrations of cataIyst and to the concentration of the sampled gas in the + environment. 
EXPERIMENT
Rather than depositing palladium onto the surface of silicon carbide as in ref. [3] , for this study we implanted palladium ions through the silicon face of 61-1, n-type (nitrogen doped), 3,5°o ff-axis orientation, silicon carbide samples provided by Cree Research, Inc. T'hesampIes were implanted at 500°C, in order to minimize the induced implantation dammages, to fluences between 3x 1014at/cm2 and 3.2x 10lb at/cm2, and implantation energies of 70 keV and 130 keV. The implantation energies were chosen using the SRIM code [4] in order to get high surface concentrations of Pd ions. Also, from the same code, the approximated implantation range was established as being 40 nm and 65 run (see figure 7) .
The current measurements were done using a Keithiey modei 595 IV/CV meter interfaced to a computer, for several temperatures near 23, 70, 145, 2 15°C in a closed gas environment. Voltages of+ 1V were applied on the backside of the sample, and the current was Laser ionization was adopted for testing miniature IMS' systems because of its simplicity. [7] The laser radiation was focused into a small region with enough intensity for rnultiphoton ionization of the analytes. However, this smd region w generate a ' relatively large amount of Coulomb repulsion. Considering the effective volume of thel aser ionization as a cylinder with an initial radius of ro (0.2 mm) and a length of h (3 MM), using Gauss' law, the electric fieid, En induced by space charge at the edge of the ion cylinder is E',==-hzohr (4) where N is the total number of ions per laser puise,~is the permittivity of free space. N is estimated to be about 1 rnilIion ions per puise for the O.I MJ laser power used, therefore E, is -50 V/cm. This field is comparable to the drift field, which is about 200 V/cm. Ions are expanded by the space charge field in the radial direction by a velocity, $ = KE, while they are drifting toward the detector with veiocity, VcI= K Ed. Substituting Eq( ) and solving this differential equation for ions drifting from the Imation of the laser beam to a distance L, we obtain Coulomb repulsion component of resolution, Figure 1 shows
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the image of the miniature IMS, which consists of a 1.7 mm diameter drift channel, 35 mm in length. The channel is comprised of 25 stacked copper lenses separated by Macor spacers and mini resistors with a total resistance of 20 M!i2. The Macor spacers have a larger inner diameter than that of the copper lenses, which minimizes the charging of the internal surface of the cohqnn. The IMS device is combined with two 35-W cartridge heaters (Omega) and a thermocouple for controlling the temperature in a range between 22°C and 150"C.
The apparatus was baked at 120"C overnight in a flowing Ar atmosphere to minimize background ions. Sample gas was introduced through a mass-flow controller (MKS-1O seem) with a flow rate of 7.5 seem. Sample gases used were 0.8 ppm NO in Ar, CHJ vapor from a liquid tube, and OZ and HzO impurities in the Nz drift gas, or their mixture. The Nz drift gas was purifid by a filter (LAB CLEAR) and regulated at a maximum of 500-seem flow rate. The drift giw passed through a specially designed spiral channeI and then flowed in a reverse direction to the ion flow. The spiral channel was made in such a way that it yielded a 900 mm flow Iengti inside the 35 MM Iength IMS. This spiral channel allowed the drift gas to reach an equilibrium temperature with the spectrometer prior to entering the drift channel. Sample gas, carrier gas, and drift gas exited from the ionization region through a valve attached to a pump which controlled the pressure in the IMS in the range between 380 torr and 1000 torr.
Ultraviolet laser radiation (266 nm) from a Nd:YAG laser (Quanta-Ray) or from an excimer laser (248 nm, MPB) entered the ionization region through a quartz window, . . v intercepted the sample gas, and exited t&ough another quartz window. The, l~er pulse width from the Nd:YAG laser was 5 ns and the repetition frequency was 10 Hz. The laser radiation permitted direct ionization of molecules, minimizing the problem of non-specific ionization as with '3Ni radioactive sources. Laser photoionization provides extremely efficient ionization for large molecules with primarily molecular ions being formed. [5, 6] . The laser was operated with an energy of less than Oil rnJ/pulse and the beam was focused to a spot -0.4 mm in diaeter in the ionization region for most of the measurements. ,To ionize NO molecules, a two photon process is needed. The free eiectrons generated by photoionization were captured by NO, Oz and CH31 to form negative ions. The excimer laser, with a -mum energy of 1.6 mJ/puIse was us~for a study of output pulse duration as a function of Iaser pulse energy.
Ions were separated in the drift region according to their nobilities and reached a Faraday CUP IOcated at the end of the MS chmnel. A grid was mounted in front of the detector plate~d at-grounded through a capacitor so the electric current due to ion movement would not be COUPledto the det~tor. The current collected by the plate was amplified through a high-sensitivity pre-amplifier. The signal was sent to a Tektronix digital oscilloscope md a pC computer running Labview software.
The homogeneity of the drift field is one of ,factors in affecting resolution. To have a homogeneous field, we adopted 25 lenses in such a short channel. These lenses are biased by extem~pote'ntids linearly divided according to their distances to the detector. The diameter of copper lens is smaller than that of Macor insulator, so that the surface charging on the insulator does not significantly affect the drift potential. A SIMION [7] calculation was US~to evaluate the potential produced in the drift region. Figure 2 shows the calculated potential m a function of the longitudinal distance at the center of the channel. The potential is a straight line within 0.1 % deviation, which is much smaller than the 1% variation introduced by the uncertainty of the miniature resistors. The SIMION calculation also yielded the potential as a function of distance in the radial direction, which decreases as the radius increases, however not exceeding 0.1 % variation. Figure 3 shows ion mobility spectra of negative ions detected by the miniature IMS under laser radiation of NO, No + impurity, and NO + impurity + CHJ mixtures. In Fig.  3(a) a single peak appe~s as 0.8 ppm nitric oxide was introduced into the ionization region. The gas pressure in the drift region was adjusted to about 1 atmosphere and the . drift potential was -500V. NO molecules are ionized by a two-photon ionization process, while the background M was not ionized under the current laser conditions. The free electrons that were liberated by photoionization were captured by NO since the molecule has a positive electron affinity (0.025 eV). After adding the Nz drift gas, two ion peaks appeared in the IMS spectrum, as shown in Fig. 3(b) . The later peak is attributti to NO since its intensity varied accordingly to the NO flOWrate. The earlier peak is believed due to residual Oz in the drift gas. As the flow rate of the drift gas was increased, the eariier peak intensity increased accordingly. The initial Nz gas WaS contaminated by 1.2 ppm oxygen and 1.1 ppm of ,' moisture. After passing through the filter, the impurity concentration was approximately 50 ppb.
RESULTS~, DISCUSSION
The ddrd peak is displayed in Figure 3 (c) as CHJ gas WX add~to the ionization~. region. me new pe~is attribut~to~sr~which h~an el~tr~n affinity Of 0"3 ev. Thed rift potential was -800V. The CH31 molecules were generated from the evaporation ofl iquid CHJ from a vid that WaS amhed in the sampfing line. The concentration WaS estimated to be a few tens of ppb. Since the three spectra were obtained at different pressures and different biases, which affect the mobility of the samples, we resealed the drift times in (a) and (b) to that of(c).
As indicated in Eq. (6), the Coulomb contribution to the resolution depends on the total number of ions initially generated and thus should vary with the energy of the ionization laser pulse. We measured the resolution as a function of laser energy for different drift biases, as shown in FiWre 4. For each bias, the resolution was found to be lower at higher laser pulse energy. WS effat WaS significantly larger at the lower bias voltage. For afield higher than that generated by -600V, the initial time spread dominates the resolution and the effect of Coulomb repuIsion is less important.
CONCLUSIONS
We have presented the results of studies of a miniature ion mobility spectrometer (lMS) that has a drift channel a 1.7 mm diameter and a 35 mm length. The miniature IMS has been characterized by measufing boti negative and positive ion spectra produced by a frequency-qua~pled' Nd:YAG laser on samples of NO, 02, and methyl-iodide. The device demonstrates useful resolution and high sensitivity, using a low operating voltage. Broadening induced by Coulomb repulsion was theoretically studied and experimentally ' demonstrat~to have a major effect on the resolution of the miniature device. Distance (mm) Figure 2 . Potential as a function of the longitudinal distance, calculated with SIMION [7] program.
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.. ' 6" Figure 3 . Ion mobility spectra of negative ions generated under laser radiation of (a) NO, (b) NO+ impuri~, and (c)NO+ impurity+ CHJ mixtures. Laser Energy (mJ/pulse) resolution as a function of laser pulse energy for different drift biases.
